Abstract In this work, we investigated Greek Leishmania isolates (n=70) for their individual MDR1-gene-related p-gp (belonging to the ABC-B subfamily of permeases) expression levels by means of flow cytometric analysis of Rhodamine 123 extrusion kinetics. Of all used isolates, 5.71 % express this drug-extruding ABC-transporter at alarming levels and are distributed widely over the country. Some 33 % of all examined isolates originated on the island of Crete though none of the strains showed vastly elevated p-gp extrusion activity, indicating a reasonable implementation of antileishmanial compounds in this part of the country. Compared to isolates obtained from canine tissue, human Leishmania isolates were superior both in size and in subcellular differentiation in flow cytometry. Furthermore, a specific t test confirmed verapamil hydrochloride to be a highly potent p-gp reversal agent with p<0.0001. In a second test series, the loading of Leishmania with Rhodamine 123 was moreover reduced when occurring under influence of verapamil hydrochloride, a known p-gp reversal agent, indicating an ATPdependant influx of the fluorescent dye and therewith the drug itself. In a final, third experiment series, it was shown that Sb V does not act upon the promastigote form of Leishmania.
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The leishmaniases, listed among the 17 neglected tropical diseases (NTD) by the WHO, constitute a threat to public health in Latin and South America, East Africa, Asia, the Indian subcontinent and the Mediterranean basin with an incidence of approximately 0.5 million cases per year of the visceral and 1.5-2.0 million cases per year of the mucous/ cutaneous form (Desjeux and Alvar 2002; Ready 2010) . Periodic epidemics of anthroponotic visceral leishmaniasis (kala-azar) occur in Northeast Africa (Sudan) and on the subcontinent of India (Dedet 2002; Sinha and Bhattacharya 2011) . The transmission pattern, with sand flies spreading the parasites among humans without the involvement of reservoir hosts, is characteristic for the Leishmania donovani-(except for Leishmania infantum) and Leishmania tropica-complexes and of both complexes sandfly vectors are omnipresent in southern Europe (Ready 2010) . These Leishmania strains, often showing the MDR phenotype as in the case of L. donovani (Croft et al. 2006) , may be imported inside Europe following the increasing worldwide travelling of both humans (Antoniou et al. 2009 ) and dogs (Trotz-Williams and Trees 2003) . Concomitantly, in Europe, the ratio of people with low immunity due to HIV co-infection (WHO 2000) , intra-venous drug abuse (Pineda et al. 2002) or iatrogenic implications increases, making mandatory a strict surveillance of MDRphenotyped and therewith antimony-resistant Leishmania species (Aït-Oudhia et al. 2011) .
The mechanisms leading to insensitivity towards numerous drugs in vivo are yet poorly understood, and the overall relevance of numerous phenomena related to the MDR phenotype in vitro need to be substantiated. Nevertheless, modern gene transfection studies iteratively demonstrated a major role of transmembrane, ATP-hydrolyzing permeabilityglycoproteins (p-gp) in the evolution of drug resistance (Garcia et al. 2000; Gueiros-Filho et al. 1995; Chow et al. 1993) . MDR1-derived permeases belong to the ABC-B subfamily and contribute to the parasite's survival by extruding the drug from its place of action (Katakura et al. 2005; Chang 2003; Chiquero et al. 1998 ) most likely by both decreasing the initial accumulation (Callahan et al. 1994 ) and increasing the drug/lipid efflux (Landfear 2008; Wong and Chow 2006; Romsicki and Sharom 2001) . The substrate binding site hereby acts relatively unspecific and even amphotericin Bresistant clinical L. donovani isolates lately were shown to overexpress MDR1 (Purkait et al. 2012) and Sb V / amphotericin B cross-resistance is reported, respectively (Hadighi et al. 2007 ). Another p-gp substrate consists in R(hodamine)123, a fluorescent dye and indirect marker for MDR1-derived p-gp activity levels (Mandal et al. 2009; Troutman and Thakker 2003; Basselin and Robert-Gero 1998) when used in combination with the MDR1-reversal agent verapamil hydrochloride (Prasad et al. 2000; Wong et al. 2007) .
In the present work, a simple method to precisely determine the p-gp extrusion activity derived from MDR1-gene (over)expression is developed. Subsequently, 70 Greek Leishmania isolates were screened for their individual R123-and herewith drug extrusion activity. Following, the questions whether (1) there are foci gathering MDR1-overexpressing Leishmania and (2) what the factors contributing to the development of the MDR phenotype, might consist in, will be discussed.
Materials and methods

Cultivation and selection of Leishmania isolates
Seventy Greek Leishmania strains, stored at the cryobank (−80°C) of the Laboratory of Clinical Bacteriology, Parasitology, Zoonoses and Geographical Medicine (University of Crete (UoC), Heraklion, Greece), were defrosted and subsequently held in culture consisting in RPMI 1640 culture medium (Gibco®) enriched with 2 mM L-Glutamine and 25 mM Hepes buffer, 10 % heat-inactivated FBS (Euroclone®) and antibiotics (Penicillin 50 IU/ml and Streptomycin 50 μg/ml, Roche®). Raising the volume fraction of FBS to 32.5 % and the admixture of 5 % filtered human urine induced an exponential growth phase of the promastigotes (Warburg et al. 2008) . Uniformly shaped promastigotes now were sub-cultured, grown for 72 h and morphologically evaluated by "DiffQuick" (Triangle Biomedical Sciences®) staining: cultures showing (1) stationary phase promastigotes, (2) a ratio >5 % of phagolysosomally deformed Leishmania, (3) a ratio >3 % of Trypan Blue positive and herewith deteriorated parasites or so-called (4) rosettes, gatherings of individual promastigotes, excluded the strain from the examination and was re-cultivated as described above.
Preparation of Leishmania promastigotes for the subsequent analysis of p-gp-mediated extrusion kinetics
The promastigotes were harvested and washed thrice in temperate PBS 7.2 by centrifugation at 2,000 rpm for 5 min. A ratio <3 % of Trypan Blue-positive promastigotes confirmed cellular integrity at this stage. Subsequently, two million promastigotes were incubated in a 10 mM Rhodamine 123 (Sigma-Aldrich®) solution in 1 ml PBS 7.2 at 26°C for 45 min and in the dark. Following, the promastigotes are washed twice in cold PBS 7.2 (not <4°C) by centrifugation at 2,000 rpm for 5 min in order to wash out residual extracellular R123. Finally, the promastigotes are re-diluted in 0.5 ml temperate PBS 7.2, and 10 μl verapamil hydrochloride (Abbott®) is added to the opposite tubes in order to reverse p-gp activity at a 90 μM concentration of the drug. The test series were run in triplicate.
Detection of Rhodamine 123 extrusion kinetics and quality control
Rhodamine 123 extrusion kinetics now were followed on a Beckman Coulter FC500 flow cytometer, with an argon laser adjusted to 630 nm, every 30 min for 2 h. Acquisition times of 12.5 to 20 s occurred at a flow rate of 500-800 cells/s as the counts were limited to 10,000 events; discrimination of deteriorated cells occured by propidium iodide (PI); analysis of the results followed by means of the CXP software according to exclusion criteria, disqualifying the strain from any experimental continuation if positive in any point: (1) ≥10 % PIpositive cells (PI-intensity >10 0 on log scale) at any of the measurements at 0, 30, 60, 90 or 120 min, (2) ≤75 % of all detected cells (passing gates A, B and C) are taken into account for the final finding of the average fluorescence intensity termed RFU (Tang et al. 2004 ) at any of the measurements, (3) in a third gate C, ≤90 % of the remaining promastigotes are distributed alike the Gaussian distribution in order to be taken into account for the averaged finding of the fluorescence intensity of a strain and (4) a difference of the average sample size of≥± 10 % in between the measurements occurred.
Statistical analysis of the achieved results
The current mechanistic understandings of MDR1-derived enzymatic activities (Varadi et al. 2002; Shapiro and Ling 1998) suggest a most accurately approximated mathematical rendition of its kinetics in the form of y(a)−aε −bt , where a≥0 represents the initial RFU value and b≠0 represents the rate of decrease of a within the time unit t≥0. Following, the application of the natural logarithm, leading to the formula ln(y)− ln(a)−bt, is neccessary in order to overcome two additional problems: firstly, the i(nitial)RFU value of a strain is dependant on multiple factors as, e.g. cell size, grade of subcellular differentiation, cell viability (Mandal et al. 2009; Troutman and Thakker 2003) and varies between 1.5 and 25.5 RFU (dimensionless), making the comparability of the strains amongst one another impossible; secondly, an exponentially decreasing fluorescent signal by this manoeuvre is expressed linearly and its slope is expressed as -bt, termed "Δs".
Studies on the influx kinetics of Leishmania isolates
An inhibition of the efflux activity of p-glycoproteins concomitantly with the loading of promastigotes with R123, theoretically increases the iRFU values (Mandal et al. 2009; Koizumi et al. 1995) . This hypothesis, based upon the current understanding of the p-gp's mode of function, consists in two aspects:
-the influx of R123 and herewith the iRFU values are expected to be reduced in p-gp expressing cells: the fluorescent dye will partly be excreted from the cell when loading with R123 occurs or never reach the cell plasma, respectively, as the substrate is removed outwards when arriving at the plasma membrane. -in case of p-gp inhibition, the iRFU values should increase with the level of p-gp expression: the R123 cannot be excreted via p-gps but simultaneously R123 intrudes through para-or transcellular diffusion and aquaglyceroporins (Gourbal et al. 2004; Brochu et al. 2003) .
Hereby, the determination of expression levels of Rhodamine 123 and herewith drug-extruding permeases is simplified. Three R123-extruding and three non-R123-extruding Leishmania isolates were examined this way, additionally. Again, test series were run in triplicate.
Induction of p-gp expression in Leismania isolates by stepwise increasing Sb V concentrations
Intending to substantiate and underline the practices and results of the foregoing experiments, an increased efflux activity, following on the promastigotes' exposure in successively increasing concentrations of the Sb V containing N-methylglucamine (Glucantime®, Merial), is expected (FarautGambarelli et al. 1997; Ephros et al. 1997) . Two R123-extruding and two non-R123-extruding Leishmania isolates are cultured in stepwise increasing drug concentrations and flow cytometric examination of the p-gp efflux activity occurs before and after induction of drug resistance.
Results
In total, 59 canine and 11 human Leishmania isolates were examined for their individual Rhodamine 123 extrusion activity. Average FSC and SSC value of all isolates was 64.08 and 655.28, respectively, and human isolates are found to be superior in both size (FSC=69.12 vs. 63.13 for canine isolates) and subcellular differentiation (SSC=681.21 vs. 650.44 for canine isolates). The iRFU values reached an averaged 7.36 RFUs and again human isolates achieved superior values (8.78 vs. 7.09 iRFUs). The calculation of a correlation coefficient r [(−1)≤r≤(+1)] each couplet FSC/iRFU (r=0.52), SSC/iRFU (r=0.52) and FSC/SSC (r=0.65) revealed convincingly high positive correlation in any of the three constellations.
For its inhibitive effect on MDR1-derived p-glycoproteins, the reversal agent verapamil hydrochloride was tested by means of a specific t test. With a statistical confidence >0.999 (p<0.0001), verapamil hydrochloride significantly is a reversal agent for p-gp, which is exemplarily illustrated in Fig. 1 .
By the mathematical manoeuvre demonstrated above, the R123 extrusion activity is indexed by a single cipher, termed Δs, varying between −0.0045 and +0.296. For a better general overview, all seventy strain specific Δs values are categorized within seven groups differentiated by intervals of 0.05.
The majority of all strains (>77 %) show low or moderate p-gp related efflux activity (group II and III), underlining the ubiquitary character of permeases belonging to the ABC family. Four out of 70 strains or 5.71 % are grouped in VII with Δs values of >0.25, indicating high Rhodamine 123 and therewith drug efflux activity. Three Leishmania isolates from canine hosts and one human isolate were grouped in VII. The dominating MON-1 zymodeme is represented with 80 % whereas one strain of the eleven underrepresented Leishmania carrying the MON-98 zymodeme is grouped within VII. The only L. tropica strain in this study was found to have increased p-gp extrusion activity, grouped in IV. In general, Leishmania are spread all over Greece, and in this study, some 33 % of all examined strains are originated on the island of Crete (CR) whereas none of the 23 strains showed alarming levels of pgp-related extrusion activity grouped in VI or VII. The three strains of known origin grouped in VII are widely distributed as their isolation from dogs occurred in Thessaly (TH), Attica (AT) and Eastern Macedonia and Thrace (EMT). The remaining regions are with one to seven isolates rather underrepresented and little conclusions can be made from that. A detailed insight into this study's results gives Table 1 .
Studies on the R123 influx kinetics in dependance of p-gp reversal
The hypothesis formulated a priori, expecting the isolates with higher levels of MDR1 expression to show major iRFU values in case of p-gp inhibition concomitantly with R123 loading, is refuted by the results: in five out of six test series, the iRFU values, instead, decreased with an average ratio of 37.41 %. In all strains formerly not found to extrude R123, the iRFU was minored by 24.5 to 58 % due to a decreased uptake of the fluorescent dye. Two strains formerly shown to express efflux pumps at rather high level (Δs=0.296 and 0.273) now showed an iRFU value decreased by 35.1 and 39.54 %. Only one of the isolates, formerly declared as p-gp expressing (Δs=0.28), increased the uptake of R123 by 3.82 % when p-gp activity was reversed.
Discussion
The cultural behaviour of every isolate appears differently, so in this study, due to strain and species specific demands/fitness considering, e.g. nutrients/scarceness, medium pH and oxidative stress, all factors which are impossibly equalized by standardized culturing techniques (Pral et al. 2003; Nogueira et al. 2006) . The comparability of the results amongst one another therefore remains cryptic. Moreover, an entirely different dying behaviour of stationary-phase promastigotes was observed frequently: in both the inhibited and the noninhibited test series excessively high iRFU values >50 RFU followed by a rapid loss of the fluorescent dye occurred; in these cases, verapamil failed to alter the R123 extrusion (data not shown). However, a multifactorial idea of the evolution of drug resistance needs to integrate numerous phenomena linked to drug resistance . The three major Δs values in this work were found in strains with a very low iRFU value, possibly indicating that the diminishment of R123-and therewith drug accumulation is rather linked to a decreased uptake than an increased extrusion activity (Basselin et al. 2000) . This phenomenon is explained by a possible AQP1 down regulation (Mandal et al. 2010; Marquis et al. 2005 ) and the dysfunction or down regulation of unspecific uptake systems such as organic cation transporters (Troutman and Thakker 2003) .
Nevertheless, 30 out 70 strains or 42.8 % of all strains show a R123 extrusion of >20 % of their individual iRFU value after 2 h. These findings are consistent with earlier studies, in which 65 % of the Mediterranean isolates were shown to have at least twice amplified MDR1 gene expression (Mary et al. 2010) . In Plasmodium falciparum, the equivalent gene mutant Pfmdr1 was shown to be amplified in 31 % of the cases so that the overall result of this screening once more appears appropriate and realistic (Bin Dajem et al. 2012) . Overall, modern molecular analysis technologies such as PCR-RFLP, successfully applied in terms of species identification (Dweik et al. 2007) , quantitative RT-PCRs (Mary et al. 2004) or the targeted quantitative determination of protein expression by means of the innovative LAMP-technique (Karanis and Ongerth 2009; Karani et al. 2013) , occur as more appropriate methods in order to detect drug resistant Leishmania species on a large scale.
Zymodeme
Considering the data presented in Table 1 , it can be taken as a fact that high levels of p-gp expression occur independently from the isolate's zymodeme. Furthermore, 9 out of 11 strains (82 %) typed as MON-98 show low levels of p-gp expression grouped in category II. This could indicate that in strains carrying the MON-98 zymodeme, the evolution of drug resistance due to drug efflux is less probable than in the MON-1 strains. Here, with 30 of the 56 strains or 54 %, the ratio of strains grouped in categories I and II, compared to the strains typed as MON-1, is comparatively low. Unfortunately, the sample size for MON-98 strains is relatively small so that a distortion of the results might occur.
Geographic origin
The three strains with known geographical origin and grouped in category VII are widely distributed on the Greek mainland and therewith not allowing any conclusion whether drug resistance in Leishmania is a problem predominating in rural or urban areas. The best informative value is achieved for Crete: 18 examined dog isolates show rather low MDR1 expression levels, indicating a reasonable and strict administration of antimony compounds in this area. Interestingly, the two Cretan strains with raised MDR1-related drug efflux activity are found in human isolates, probably indicating an increased "general cellular fitness" due to drug exposure in prior canine hosts, hereby making them favourable for clinically impressive human infections (Vanerschoot et al. 2010 ). All in all, for a better understanding of the epidemiology of drug resistance, an exceeding sample size is advisable, in order to increase the resolution of information in every region and herewith the informative value. Furthermore, the comparison of the results of this study and a study on the sand fly distribution in Northern Greece (Karanis et al. 2000) did not allow any conclusion whether the occurrence of increased pgp expression levels in Greek Leishmania is dependent on the phlebotomine vector or not. The R123 influx kinetics in dependance of p-gp reversal: The inwardly directed transport of R123 was shown to be inhibited by the p-gp reversal agent verapamil hydrochloride, suggesting that MDR1-related efflux pumps confer to the intrusion of amphipathic formulations in the manner of bidirectional permeases in Leishmania promastigotes. These findings are concordant with recent studies, saying that "all three classical blockers (…) failed to enhance R123 fluorescence" (Mandal et al. 2009 ). This suspicion is also supported by findings recently made by Katsuaki et al. (2008) , as this work points out that "P-gp contributes to the influx of its substrates (…) although P-gp is generally involved in efflux of drugs from various tissues". Moreover, a difference in the accumulation of R123 caused by a variant cell size (FSC) or developmental differentiation (SSC) can be ruled out in this work: (1) the promastigotes examined within the compared test series were harvested from the identical culture and (2) flow cytometric measurements confirmed cellular homogeneity. The increased exposure to the cytotoxic verapamil hydrochloride did not cause increased PI-positivity rates in test series where p-gp reversion occurred at time of R123 loading, but the decreased iRFU values could be a result of a general detraction of the promastigotes.
Induction of p-gp expression in Leishmania isolates by stepwise increasing Sb V concentrations: The stepwise increasing drug concentrations reached final concentrations of >100 mM though a satisfying selection of resistant promastigotes never occurred. This study therewith confirms the widely discussed assumption that Sb V needs reduction to Sb III to act upon promastigotes, which only occurs in amastigotes due to altering gene transcription (Li et al. 2008) or even within the hosting macrophage (Liarte and Murta 2010; Mandal et al. 2009; Mittal et al. 2007; Ariyanayagam and Fairlamb 2001) .
